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Abstract
Bioremediation as a method for removing polycyclic aromatic hydrocarbons (PAHs) from 
contaminated environments has been criticized for poor removal of potentially carcinogenic but 
less bioavailable high-molecular-weight (HMW) compounds. As a partial remedy to this 
constraint, we studied surfactant addition at sub-micellar concentrations to contaminated soil to 
enhance the biodegradation of PAHs remaining after conventional aerobic bioremediation. We 
demonstrated increased removal of 4- and 5-ring PAHs using two nonionic surfactants, 
polyoxyethylene(4)lauryl ether (Brij 30) and polyoxyethylene sorbitol hexaoleate (POESH), and 
analyzed bacterial community shifts associated with those conditions. Eight groups of abundant 
bacteria were implicated as potentially being involved in increased HMW PAH removal. A group 
of unclassified Alphaproteobacteria and members of the Phenylobacterium genus in particular 
showed significantly increased relative abundance in the two conditions exhibiting increased PAH 
removal. Other implicated groups included members of the Sediminibacterium, Terrimonas, 
Acidovorax, and Luteimonas genera, as well as uncharacterized organisms within the families 
Chitinophagaceae and Bradyrhizobiaceae. Targeted isolation identified a subset of the community 
likely using the surfactants as a growth substrate but few of the isolates exhibited PAH-degradation 
capability. Isolates recovered from the Acidovorax and uncharacterized Bradyrhizobiaceae groups 
suggest the abundance of those groups may have been attributable to growth on surfactants. 
Understanding the specific bacteria responsible for HMW PAH removal in natural and engineered 
systems and their response to stimuli such as surfactant amendment may improve bioremediation 
efficacy during treatment of contaminated environmental media.
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Introduction
Bioremediation is among several options for the removal of polycyclic aromatic 
hydrocarbons (PAHs) from contaminated environments (Gan et al. 2009; U. S. 
Environmental Protection Agency 2007). Biological treatment of PAH-contaminated sites is 
dependent on the presence and activity of microorganisms capable of transforming the 
compounds of concern. While bioremediation is often successful in the removal of low-
molecular-weight (LMW) PAHs such as naphthalene or phenanthrene, high-molecular-
weight (HMW) PAHs of 4 or more rings, and particularly those of 5 or more rings, typically 
prove more resistant to microbial attack (Cerniglia 1993). Sixteen PAHs are designated 
priority pollutants by the U.S. Environmental Protection Agency (EPA) and seven of them, 
all HMW PAHs, are additionally considered probable human carcinogens (Agency for Toxic 
Substances and Disease Registry 2015; National Toxicology Program 2014). The removal of 
these larger, potentially more toxic compounds can thus be a determining factor when 
considering cleanup strategies at contaminated sites.
The physical properties of PAHs are at least partially to blame for the lesser removal of 
HMW PAHs during bioremediation. The larger PAHs are generally less soluble in water 
than their already hydrophobic LMW counterparts, with up to orders of magnitude 
differences in aqueous solubility observed for each additional ring (May et al. 1978). Given 
their hydrophobicity, PAHs can strongly sorb to organic components of soils commonly 
found at contaminated sites, thus limiting their bioavailability. Surfactant-amended 
bioremediation has been proposed as a means of increasing the availability of matrix-bound 
PAHs to microorganisms (Li and Chen 2009; Makkar and Rockne 2003; Yeom et al. 1996; 
Zhu and Aitken 2010). Surfactants can increase the rate of PAH desorption through two 
mechanisms: by maximizing the concentration gradient at the soil-water interface through 
micellar solubilization of PAH and by direct modification of the contaminant matrix. While 
micellar solubilization occurs at aqueous-phase surfactant concentrations above the critical 
micelle concentration (CMC), surfactants can also increase PAH desorption from field-
contaminated soil at concentrations below the CMC (Adrion et al. 2016; Elliot et al. 2010; 
Frutos et al. 2011; Yeom et al. 1996; Zhu and Aitken 2010). Enhanced desorption at doses 
corresponding to aqueous-phase surfactant concentrations below the CMC in a soil-slurry 
system (sub-micellar or sub-CMC doses) has been attributed to increased PAH diffusivity 
within the contaminant matrix (Yeom et al. 1996) or to increased interfacial surface area 
caused by wetting (Dong et al. 2004) and dispersion of non-polar matrices (Churchill et al. 
1995; Kile and Chiou 1989; Zhang and Miller 1992).
In addition to mobilizing matrix-sorbed hydrophobic compounds, surfactants can also 
impact the PAH-degrading activity of the endogenous microbial community in a 
contaminated environment (Makkar and Rockne 2003; Volkering et al. 1997). Some 
surfactants can be utilized as preferred carbon and energy sources for growth by 
microorganisms with a corresponding decrease in metabolism of the aromatic contaminants 
(Tiehm 1994). Growth on a high concentration of readily available, surfactant-derived 
carbon can also result in anoxic conditions in static systems, further limiting PAH 
degradation (Tiehm et al. 1997). Increased concentrations of surfactants, particularly ionic 
surfactants, have also been shown to be toxic to some PAH-degrading bacteria (Chen et al. 
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2000; Jin et al. 2007; Tiehm 1994). Conversely, surfactant-induced transport of PAHs from 
the environmental matrix into the aqueous phase can also result in increased bioavailability 
to surfactant-tolerant PAH-degrading microbes with a corresponding increase in 
transformation. Positive effects of surfactants on the biodegradation of PAHs is generally 
associated with situations under which PAH bioavailability is limited prior to surfactant 
addition (Adrion et al. 2016).
As a follow-up to previous work in which sub-CMC doses of the nonionic surfactant Brij 30 
were shown to enhance PAH biodegradation (Zhu and Aitken 2010), we screened five 
nonionic surfactants of similar hydrophobicity for their ability to improve the removal of 
PAHs remaining in contaminated soil after aerobic biological treatment in a lab-scale, 
slurry-phase bioreactor (Adrion et al. 2016). Surprisingly, one of the surfactants, Brij 30, led 
to substantially greater removal of HMW PAHs at the lower of the two sub-CMC doses 
evaluated. In this study, we focused on the two most effective surfactants, Brij 30 and 
polyoxyethylene sorbitol hexaoleate (POESH), to determine their effects on the soil 
microbial communities using community fingerprinting, high-throughput sequencing, and 
targeted isolation. As differences in HMW PAH removal between treatment conditions likely 
resulted from differences in the microbial communities selected under each of the 
conditions, we hypothesized that some HMW PAH-degrading bacterial groups might be 
putatively identified by analysis of the whole community for members that maintained a 
high relative abundance, or increased relative abundance, in conditions exhibiting enhanced 
compound removal, and furthermore were not among those likely to be growing on an 
amended surfactant.
Methods and Materials
Chemicals
Brij 30 (polyoxyethylene (4) lauryl ether) and polyoxyethylene sorbitol hexaoleate (POESH) 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Phenanthrene (98%) and 
chrysene (98%) were also purchased from Sigma-Aldrich. Pyrene (98%) was purchased 
from Acros Organics (Thermo Fisher Scientific, Waltham, MA, USA).
Soil and bioreactor treatment
Weathered, PAH-contaminated soil used in this experiment was collected from the site of a 
former manufactured gas plant in Salisbury, North Carolina, USA that was processed and 
characterized as described elsewhere (Hu et al. 2012; Richardson and Aitken 2011). Soil was 
treated in a lab-scale (2 L working volume), semi-continuous, slurry-phase, aerobic 
bioreactor as previously described (Singleton et al. 2011), except that the soil was slurried in 
a buffer containing 5 mM total phosphate and 2.5 mM NH4NO3 at a pH of 7.5 (“reactor 
buffer”). Twenty percent of the bioreactor contents was removed weekly and replaced with 
freshly slurried, untreated soil. Bioreactor-treated soil that had been centrifuged at 2130 x g 
for 20 minutes in a Sorvall RC5C plus centrifuge (Thermo Fisher Scientific) with a fixed-
angle GSA rotor was used to set up incubations for this study. Soil moisture content was 
determined in triplicate by heating 1 g (wet weight) of centrifuged bioreactor-treated soil in 
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pre-weighed ceramic crucibles over an open flame until a stable value of dry mass was 
obtained.
Soil slurry incubations with surfactants
To prepare incubations of bioreactor-treated soil with surfactants, 6 g (wet weight) aliquots 
of soil from centrifuged bioreactor slurry were added to 125-mL glass, screw-top 
Erlenmeyer flasks with PTFE-lined septa caps. Triplicate incubations in fresh reactor buffer 
were prepared for each of four post-bioreactor conditions: 4 mg/g Brij 30 (mg surfactant/g 
dry weight soil; designated as “BrijLow” samples), 12 mg/g Brij 30 (“BrijHigh”), 24 mg/g 
POESH (“POESH”), and no-surfactant controls (“NoSurf”). The surfactants were added to 
the soil slurries (15% w/w final solids content) in the incubation flasks to the desired dose. 
These doses corresponded to equilibrium aqueous-phase surfactant concentrations below the 
CMC in the soil-slurry system as determined in parallel work (Adrion et al. 2016). The 
headspaces of the flasks were then purged with nitrogen and put on a rotary shaker in 
darkness at 225 rpm for 48 hours to allow sorption of surfactant to the soil while minimizing 
aerobic biodegradation of the surfactants. After 48 hours, the flasks were uncapped daily for 
5 minutes for a period of 14 days. Daily headspace exchange with air would have supplied 
over 100 mg O2 per g dry soil in each flask over the 14-day incubation. Even if a very high 
concentration of residual biodegradable contaminants in the soil removed from the 
bioreactor is assumed, and assuming a significant fraction of surfactant was aerobically 
biodegraded during the incubation, the O2 demand in the flask would have been less than 25 
mg/g dry soil. Therefore, daily replacement of the headspace in each flask provided more 
than enough O2 to ensure aerobic conditions during the incubation period. On day 14 the 
flasks were sacrificed for extraction of DNA and determination of PAH concentrations as 
described below. Triplicate flasks of the initial centrifuged bioreactor soil used as inoculum 
(designated as “Bioreactor” samples) were prepared in the same manner as the experimental 
flasks and were processed immediately after preparation for DNA and PAH extractions.
Soil DNA extraction
To recover soil from incubations, 1450 μL of slurry sample from each flask (approximately 
0.25 g soil dry weight) was centrifuged for 3 minutes at maximum speed in a benchtop 
microcentrifuge and the supernatant discarded. The pellet was used for DNA extraction 
using the FastDNA Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, USA) following the 
manufacturer’s directions except that cell lysis was achieved by vortexing horizontally 
secured tubes at maximum speed for 6 minutes. A portion of the recovered DNA was then 
run on a 0.8% agarose gel and HMW DNA (between 9–23 kbp) was purified using a Qiagen 
QIAEX II Gel Extraction Kit (Qiagen, Valencia, CA, USA). DNA quality was examined and 
concentrations estimated by running a portion of the purified DNA on a 1% agarose gel. 
Each of the triplicate samples of bioreactor slurry and each of the triplicate samples in the 
four treatment conditions were extracted and analyzed individually.
PAH extraction and quantification
The slurry remaining in each flask after the removal of samples for DNA extraction was 
used to quantify the concentrations of 14 PAHs. The slurry was transferred to 30-mL glass 
centrifuge tubes with PTFE-lined septa caps using the aqueous phase of the slurry to wash 
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all soil mass into the centrifuge tubes. The slurry was then centrifuged at 2700 x g for 20 
minutes in a Sorvall ST-16 benchtop centrifuge with swinging-bucket rotor. The supernatant 
was discarded (preliminary analyses indicated all individual PAH concentrations in 
supernatant were less than the limits of quantification, corresponding to no more than 5% of 
the initial mass of any individual PAH). Soil pellets were spiked with 200 μL of anthracene-
D10 (98 mg·L−1) to serve as an internal measure of PAH recovery. The soil pellets were 
extracted overnight twice with 10-g anhydrous sodium sulfate and a mixture of 10-ml 
acetone/10-mL dichloromethane and the solvent extracts analyzed by high-pressure liquid 
chromatography with fluorescence detection to quantify PAH concentration using the mass 
of the soil added to each flask minus the amount removed for DNA extraction as previously 
described (Richardson et al. 2011). The recovery of the anthracene-D10 standard ranged 
from 91–100 ± 3–7%. The triplicate concentration values of each PAH for each of the four 
treatment conditions were compared using an ANOVA and Tukey’s HSD test using SAS 
Enterprise Guide 6.1 (SAS Institute, Cary, NC). Treatment conditions were assigned to 
significantly different (α=0.05) groups according to the results of those analyses. Percent 
disappearance was calculated using the means and standard deviations of values from the 
initial bioreactor samples and from the relevant experimental samples, accounting for 
propagation of error.
Community analyses
Broad differences among bacterial communities between treatments and the reproducibility 
of established communities within the treatments were examined using denaturing gradient 
gel electrophoresis (DGGE). DGGE-PCR was performed using primers 341FGC and 517R 
and a PCR program consisting of: 94°C for 5 minutes; 10 cycles of 94°C for 1 minute, 65°C 
for 1 minute (decreasing by 1°C per cycle), and 72°C for 3 minutes; 15 cycles of 94°C for 1 
minute, 55°C for 1 minute, and 72°C for 3 minutes; with a final extension at 72°C for 7 
minutes before cooling to 4°C. Products were run on a DCode™ Universal Mutation 
Detection system (Bio-Rad, Hercules, CA, USA) using a 10% acrylamide gel containing a 
denaturant range of 30–60% and a non-denaturing stacking gel. The gels were run for 16 
hours at 60V prior to staining with ethidium bromide. Acquired images were cropped of 
regions not containing DNA bands, the image was negatively converted, and levels adjusted 
for the entire image using the GNU Image Manipulation Program v.2.8.
Sequencing of partial bacterial 16S rRNA genes in DNA extracted from soil was performed 
by MR DNA (Shallowater, TX, USA) on an Illumina MiSeq following the manufacturer’s 
guidelines. Briefly, variable region V4 was amplified using barcoded forward primer 515F, 
reverse primer 806R, and the HotStarTaq Plus Master Mix Kit (Qiagen). The PCR program 
consisted of an initial dwell of 94°C for 3 minutes, followed by 28 cycles of 94°C for 30 
seconds, 53°C for 40 seconds and 72°C for 1 minute, after which a final elongation step at 
72°C for 5 minutes was performed. PCR products were checked on a 2% agarose gel. 
Multiple samples were pooled in equal proportions based on their molecular weight and 
DNA concentrations, and purified using the Agencourt AMPure XP purification system 
(Beckman Coulter, Inc., Brea, CA, USA). The purified PCR product was used to prepare a 
library using the Illumina TruSeq DNA library preparation protocol.
Singleton et al. Page 5
Appl Microbiol Biotechnol. Author manuscript; available in PMC 2017 December 01.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
The raw R1/R2 paired-end sequence libraries of partial 16S rRNA gene sequences were 
acquired from the sequencing facility and the make.contigs command of mothur v.1.36.1 
(Schloss et al. 2009) was used to assemble the sequences. No sequences were obtained for 
the submitted negative control sample (DNA suspension buffer only), due to either the lack 
of PCR product or recovered sequences (Scot Dowd, MR DNA, personal communication). 
Analyses generally followed the Schloss MiSeq SOP (http://www.mothur.org/wiki/
MiSeq_SOP; last accessed Feb. 2016) and followed an operational taxonomic unit- (OTU-) 
based analysis at a similarity of 97% (Kozich et al. 2013). Libraries were subsampled to 
match the smallest library for the purposes of diversity analyses. The implementation of 
get.oturep within mothur was used to determine representative sequences for each OTU. 
Principal coordinate analyses (PCoA) and non-metric multidimensional scaling (NMDS) 
analyses were carried out through their implementations in mothur. The relative abundance 
of each OTU within the sequence libraries was determined considering all sequences, not 
subsampled libraries. The phylogenetic classification of sequences was performed using the 
classify.seqs Bayesian classifier implementation of mothur with sequence and taxonomic 
data from training set 14 provided by the Ribosomal Database Project (RDP) (Wang et al. 
2007).
Specific OTUs with increased representation in libraries exhibiting increased HMW PAH 
removal were identified using the metastats (White et al. 2009) implementation of mothur 
with the criteria of significant difference in representation between target and non-target 
libraries (p < 0.05), average relative abundance in target libraries ≥ 0.1%, and increased 
representation in target libraries compared to non-target libraries. Significant differences in 
the relative abundances of specific OTUs between experimental conditions were determined 
using ANOVA and Tukey’s HSD tests in R (version 3.1.3; R Foundation for Statistical 
Computing, Vienna, Austria).
Isolation of surfactant-degrading bacteria
Bacteria capable of using either Brij 30 or POESH as a sole source of energy and carbon 
were isolated from surfactant-amended soil slurries. Duplicate flasks with conditions 
identical to those used for PAH determination and DNA extractions, including an initial 2-
day anoxic incubation period, were incubated for 15 days in the dark at room temperature 
(~23°C) with shaking at 225 rpm. Serial dilutions of slurry from each flask (10−4 to 10−9) 
were then prepared in phosphate-buffered saline (PBS; pH 7.5) and plated on sRB solid 
media with Brij 30 or POESH. The sRB medium was a modification of one used for the 
cultivation of Sulfuritalea hydrogenivorans and the composition of solutions can be found in 
the relevant citation and references within (Kojima and Fukui 2011). The sRB medium 
consisted of (per L): 993.3 mL of a 5 mM sodium-potassium phosphate buffer (pH 7.0) 
containing 5 mM NH4NO3, 100 μl of 1M MgSO4·7 H2O, 100 μl of 1M CaCl2·2 H2O, 1 mL 
of a trace element solution, 1 mL of a Se-W solution, and 1.5% agar added prior to 
autoclaving at 121°C for 20 minutes. After the media had cooled were added filtered-
sterilized (0.2 μm pore-size) 1 mL of a vitamin solution, 1 mL of a thiamine solution, 1 mL 
of a vitamin B12 solution, and 1.5 mL of a thiosulfate solution (stored under N2). 
Surfactants were added to a concentration approximately equal to the expected sub-CMC 
concentrations in the aqueous-phase of the enrichment cultures after the 48h anoxic mixing 
Singleton et al. Page 6
Appl Microbiol Biotechnol. Author manuscript; available in PMC 2017 December 01.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
period (BrijLow – 0.07%; BrijHigh – 0.2%; POESH – 0.4%). Plates were incubated inverted 
at room temperature. Moisture collected in lids of the inverted plates during incubation, 
likely due to the surfactants in the medium, and care was taken to ensure that free liquid did 
not disrupt colonies on the plate surfaces. Starting after a minimum of 15 days of incubation, 
well-isolated and morphologically distinct colonies were selected from the highest dilution 
plates that showed growth and struck out on sRB plates containing surfactant for isolation. 
Colonies recovered from those plates were maintained on R2A agar (Difco, BD, Franklin 
Lakes, NJ, USA) or in R-2A broth (Himedia, Mumbai, India). For long-term storage, 
bacterial isolates grown in R-2A broth were stored in 15% glycerol at −80°C.
PCR was conducted with cells suspended in water as template using general bacterial 16S 
rRNA gene primers 8F and 1492R, and DNA sequencing with the same primers (Eton 
Biosciences; Research Triangle Park, NC, USA) was used to obtain partial 16S rRNA gene 
sequences for isolate identification. Partial 16S rRNA gene sequences of at least 1275 bases 
for each isolate were assembled using Sequencher (version 5.0; Gene Codes, Ann Arbor, 
MI, USA). Blastn searches of the NCBI 16S ribosomal RNA sequences database were used 
to determine the closest described relatives (Altschul et al. 1990). Local blast+ searches of a 
database comprising reference sequences from OTUs in the amplicon libraries were used to 
associate isolates with OTUs using 97% sequence identity (Camacho et al. 2009). The 
largest OTU matching isolate sequences using this criterion was reported.
Transformation of the PAHs phenanthrene, pyrene, or chrysene by isolates was tested using 
a spray-plate method. Isolates were grown in R-2A broth to turbidity and 15 μL of that 
culture was spotted onto a region of an R2A plate; separate plates were inoculated for each 
tested PAH. The spotted culture was incubated at room temperature overnight to allow for 
initiation of growth as well as for liquid to absorb into the solid medium. The plates were 
then separately sprayed with one of the three PAHs (delivered as a solution of ~2% in 
acetone) with a thin-layer chromatography plate sprayer until a thin, crystalline film covered 
the entire surface of the plate. The plates were sealed with parafilm and incubated inverted at 
either 23°C or 30°C for one week. Cultures were examined at regular intervals for zones of 
clearing and/or color changes in the crystalline PAH layer and scored positively or 
negatively for such by visual examination. R2A plates were used due to generally strong 
growth of the isolates on that medium and to provide carbon sources for isolates either 
incapable of growth on the sprayed PAHs or requiring an alternate carbon source during 
transformation of those PAHs.
Sequence deposition
16S rRNA gene amplicon libraries derived from bioreactor and surfactant-amended samples 
were deposited in the NCBI Sequence Read Archive (SRA) under the accession number 
SRP070169. Partial 16S rRNA gene sequences of representative isolates were deposited in 
GenBank under the accession numbers KT888011 – KT888025.
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Results
PAH removal
The concentrations of 14 of the 16 EPA priority pollutant PAHs were quantified in the 
bioreactor-treated soil slurry without additional incubation (“Bioreactor” samples), 
bioreactor-treated slurry incubated an additional 14 days with either of two sub-CMC doses 
of Brij 30 (“BrijLow” or “BrijHigh” samples) or a sub-CMC dose of POESH (“POESH” 
samples), and bioreactor-treated slurry without surfactant incubated an additional 14 days 
(no-surfactant control; “NoSurf” samples). Two weeks of additional incubation in a fresh 
buffer after bioreactor treatment with or without surfactant generally resulted in the 
increased disappearance of total PAHs (Figure 1, Supplementary Table S1). In surfactant-
amended samples there was generally either no or modest impact on the further removal of 
LMW (2- or 3-ring) PAHs. Differences in the removal of HMW PAHs (4+ rings) in 
surfactant-amended incubations were more pronounced, with fluoranthene (4 rings), pyrene 
(4 rings), benz[a]anthracene (4 rings), chrysene (4 rings), and benzo[k]fluoranthene (5 rings) 
in particular showing large decreases, particularly in the BrijLow and/or POESH conditions. 
Consistent with previous observations (Adrion et al. 2016), incubations containing a higher 
concentration of Brij 30 (BrijHigh) were not significantly better than the no-surfactant 
control for removing HMW PAHs except for fluoranthene. The remaining 5- and 6-ring 
PAHs generally displayed similar removal in surfactant-amended samples and the no-
surfactant control, or little variation from the bioreactor slurry.
Community analyses
Total bacterial communities in each of the treatments were analyzed by DGGE and barcoded 
amplicon high-throughput sequencing. DGGE was first used to examine the intratreatment 
reproducibility among the triplicate samples within each condition, as well as to examine the 
profiles for obvious intertreatment differences between conditions (Figure 2). The profiles of 
the initial bioreactor slurry and no-surfactant controls displayed consistent and highly 
similar banding patterns, with only minor differences between the two conditions. In 
contrast, surfactant-amended treatments displayed DGGE banding patterns dissimilar to 
both the unamended samples and each other. The profiles of BrijLow and POESH samples 
were internally consistent among the triplicates; however, one of the BrijHigh samples 
displayed a slightly variable pattern compared to the other two within that treatment. Major 
differences in the banding patterns between samples in the BrijLow and BrijHigh treatments 
also suggested that the Brij 30 concentration significantly impacted the apex bacterial 
communities.
Specific differences in the bacterial communities caused by the different treatments were 
further analyzed through 16S rRNA gene barcoded high-throughput sequencing. After 
processing a total of 1,079,787 partial 16S rRNA gene reads among all of the triplicate 
samples for the initial bioreactor slurry and each of the four treatment conditions for quality, 
length, and chimeras, the 15 finalized sequence libraries contained a total of 191,700 
sequences clustered into 2016 OTUs (Table 1). The number of sequences in each library 
ranged between 8,194 and 24,162 sequences, with an average library size of 12,780 
sequences. Estimates of OTU richness (chao1) and diversity (inverse Simpson diversity 
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estimator, non-parametric estimate of the Shannon diversity index) were highest in the 
samples derived from the initial bioreactor slurry, and generally lower in all of the other 
samples incubated an additional 14 days (with or without surfactant amendment). 
Furthermore, the addition of the surfactants generally resulted in reduced diversity compared 
to the no-surfactant controls.
Both NMDS (Figure 3) and PCoA (Supplementary Figure S1) demonstrated the 
reproducibility of 16S rRNA gene libraries derived from triplicate incubations and DNA 
extracts within each treatment condition. In both ordination methods the samples without 
amended surfactant (Bioreactor, NoSurf) were most similar to one another while the 
community libraries from surfactant-amended treatments each resulted in well-separated 
clusters. The outlier sample in the BrijHigh treatment indicated by DGGE (Figure 2) did not 
impact the clustering of that library with others within that treatment.
OTUs enriched in BrijLow and POESH libraries
The phylogenetic information and relative abundance of all identified OTUs in the respective 
treatments was determined (Supplementary Table S2), with the most abundant OTUs 
summarized in Table 2. Using a non-parametric t-test built into the sequence analysis 
software, specific abundant OTUs with significantly increased representation in BrijLow and 
POESH libraries (p < 0.05) were determined and their influence on NMDS clustering 
plotted (Figure 3). Eight groups of sequences (OTUs 3, 5, 11, 14, 20, 27, 36, and 62) were 
identified in this manner. Of particular interest, two groups of sequences (OTUs 5 and 11) 
represented phylogenetic groups demonstrating significantly increased relative abundance in 
both BrijLow and POESH treatment libraries, the two conditions exhibiting increased HMW 
PAH removal, but not in libraries from other treatment conditions (Table 2). OTUs 5 and 11 
were phylogenetically associated with uncharacterized Alphaproteobacteria and members of 
the Phenylobacterium genus, respectively. While sequences from the alphaproteobacterial 
group (OTU-5) possessed some similarity to members of the order Sphingomonadales, they 
could not be classified to that level with confidence. In addition to a number of 
environmental sequences from various habitats, the representative sequence of OTU-5 was 
identical to three 16S rRNA gene sequences from isolates in public databases including the 
recently described Sphingoaurantiacus polygranulatus MC 3718 isolated from Arctic soil 
(Kim et al. 2016), strain R-36935 recovered from Antarctica (Peeters et al. 2011), and an 
organism designated Sphingosinicella sp. ID0708 (GenBank accession KP326333) with no 
associated publication. The representative sequence of OTU-5 also possessed 99% sequence 
similarity to two isolates from a study of Brazilian soils (O'Neill et al. 2009), but no explicit 
connection to PAH degradation was apparent for any of these organisms. The representative 
sequence of the Phenylobacterium group (OTU-11) was similarly closely related to a variety 
of soil-derived environmental sequences, and possessed up to 99% 16S rRNA gene sequence 
similarity to a number of characterized Phenylobacterium strains.
Other OTUs indicated as significantly influencing the grouping of BrijLow and POESH 
libraries tended to be more strongly associated with just one of the treatment conditions. 
OTUs 20, 27, and 36 were most highly represented in libraries from the BrijLow condition 
and were associated with uncharacterized Bradyrhizobiaceae (8% relative abundance), 
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Acidovorax (2%), and uncharacterized Chitinophagaceae (2%) sequences, respectively 
(Table 2). The representative partial gene sequence from OTU-20 was identical to that region 
of the 16S rRNA gene of Tardiphaga robiniae and additionally possessed 98% sequence 
identity to a number of Rhodopseudomonas species. The representative sequence from 
OTU-27 was identical to numerous Acidovorax strains, including one previously linked to 
phenanthrene degradation in our bioreactor treating a different PAH-contaminated soil 
(Singleton et al. 2009). OTU-36 sequences were identical to a large number of 
environmental sequences and were highly similar to multiple Flavihumibacter species (98 - 
99% sequence identity). OTUs 14 and 62 were most prominent in libraries derived from 
incubations with POESH (9% and 1%, respectively).
OTU-14 was associated with the Terrimonas genus, with the representative sequence 
possessing 99% sequence identity to Terrimonas lutea. The OTU-62 representative sequence 
possessed 100% sequence similarity to a number of environmental sequences and was also 
identical to the isolates Luteimonas aquatica, Lysobacter brunescens, and Parnibacillus 
sanguinis, although the classifier implementation of mothur characterized the entire 
grouping of sequences within OTU-62 as likely belonging to the Luteimonas genus. While 
sequences from OTU-3, affiliated with the Sediminibacterium genus, were strongly 
represented in all three treatment conditions containing surfactants, they were significantly 
more abundant in the POESH libraries (21%) than the BrijLow (7%) and BrijHigh libraries 
(6%).
Additional OTUs not indicated statistically as significantly impacting the clustering of both 
BrijLow and POESH libraries under the criteria used nevertheless may have been involved 
in enhanced PAH removal. In particular, several OTUs were more abundant in POESH 
libraries than other libraries representing treatment conditions with post-bioreactor 
incubation, including OTUs 7, 10, and 17 (7%, 6%, and 8%, respectively). These groups 
represented sequences associated with uncharacterized Moraxellaceae, and the genera 
Opitutus and Novosphingobium. A group of uncharacterized sequences derived from the 
family Comamonadaceae (OTU-25) was slightly enriched in BrijLow libraries (2%), and the 
representative sequence for the group possessed 100% sequence similarity over the region 
sequenced to various strains within the Xylophilus, Ramlibacter, Acidovorax, and 
Variovorax genera. To facilitate comparisons with sequences and isolates from other studies, 
the partial 16S rRNA gene representative sequence from each OTU presented in Table 2 is 
available in Supplemental Material (Table S3).
Response of previously identified HMW PAH-degraders to surfactant amendment
Bacterial 16S rRNA gene sequences previously linked by stable-isotope probing to the 
removal of the HMW PAHs fluoranthene (FLA), benz[a]anthracene (BAA), and pyrene 
(PYR) in the untreated soil prior to bioreactor treatment were identified as members of the 
genera Sphingobium (FLA), Sphingomonas (FLA), Rhodobacter (BAA), Variovorax (BAA), 
and Rhizobium (BAA), as well as the uncharacterized “Pyrene Group 2” [PG2] (PYR, FLA, 
BAA) (Jones et al. 2011). In this experiment, the largest groups likely to include those 
previously determined sequences were OTUs 109, 104, 248, 27, 19, and 2, respectively. The 
identified Sphingobium, Sphingomonas, and Rhodobacter OTUs comprised < 0.1% relative 
Singleton et al. Page 10
Appl Microbiol Biotechnol. Author manuscript; available in PMC 2017 December 01.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
abundance of any library (data not shown) and were unlikely to have significantly 
contributed to increased HMW PAH removal. Due to high similarity over the gene region 
sequenced, SIP-derived Variovorax sequences would likely have grouped with an OTU 
identified as Acidovorax (OTU-27), with significantly increased representation in BrijLow 
libraries compared to unamended samples (Table 2). Rhizobium sequences (OTU-19) 
displayed significantly increased representation in BrijHigh and POESH libraries (Table 2). 
PG2 sequences (OTU-2) were well represented in most libraries in this experiment, but with 
significantly lower relative abundance in conditions containing surfactants (Table 2).
Isolation of surfactant-degrading bacteria
In order to determine which abundant groups of organisms in amplicon libraries might have 
been influenced by amended carbon from surfactants, heterotrophic bacteria capable of 
growing on solid media containing each of the amended surfactants as a source of carbon 
and energy were isolated from surfactant-enriched, bioreactor-treated soil. A total of 28 
distinct colonies representing 12 phylogenetic groups were isolated from surfactant-
amended enrichments (Table 3); 8, 6, and 14 strains were isolated from surfactant-containing 
plates from BrijLow, BrijHigh, and POESH dilution series, respectively. Many of the 
isolates were closely related to amplicon library OTUs that displayed a marked increase in 
relative abundance in surfactant-amended samples (Tables 2 and 3), suggesting the potential 
for growth on the surfactant in those incubations.
All strains were also tested for the ability to transform each of three PAHs (phenanthrene, 
pyrene, or chrysene) on a solid medium. No isolates obtained from incubations with Brij 30 
(either concentration) proved capable of transforming any of the tested PAHs. Ten of 13 
strains isolated on POESH, representing four phylogenetic groups (Novosphingobium, 
Pseudomonas, Acidovorax, and uncharacterized Comamonadaceae), metabolized 
phenanthrene with a distinct zone of clearing around the inoculated culture. Seven of those 
10 phenanthrene-transforming strains (representing isolates from the Acidovorax and 
Pseudomonas genera) additionally induced a color change in pyrene crystals in contact with 
the organisms (white to dark brown), although no clearing of the pyrene was apparent. No 
surfactant-degrading isolates transformed chrysene under the conditions tested. No isolates 
were associated with either of the amplicon library OTUs hypothesized to be the most 
relevant for the degradation of HMW PAHs in both BrijLow and POESH conditions (OTUs 
5 and 11).
Discussion
In this study there were two conditions (BrijLow and POESH) under which the addition of 
sub-CMC doses of a surfactant resulted in significantly increased removal of HMW PAHs 
from contaminated soil that had already been subjected to conventional aerobic biological 
treatment. 16S rRNA gene sequences from bacteria in those conditions with significant or 
increased relative abundance compared to no-surfactant controls and a surfactant-amended 
condition (BrijHigh) not displaying the same levels of PAH removal were used to identify 
groups of organisms potentially contributing to the removal of those HMW PAHs.
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The two groups whose 16S rRNA gene sequences increased significantly in relative 
abundance under both conditions displaying enhanced HMW PAH removal were OTUs 5 
and 11, neither of which were represented by isolates from surfactant-containing media. 
Interestingly, a prior study to identify degraders of the oxy-PAH 9,10-anthraquinone using 
SIP in our group implicated members of the Phenylobacterium genus with sequences highly 
similar to OTU-11 (Rodgers-Vieira et al. 2015). Recent targeted isolation efforts for 
anthraquinone-degrading bacteria in our lab have produced pure strains from the 
Phenylobacterium genus capable of degrading not only anthraquinone, but more relevant to 
this work, some HMW PAHs as well (J. Vila, unpublished data). The capabilities of those 
isolates are currently being evaluated and will be the subject of a future publication. 
Sequences associated with the Phenylobacterium genus have also been observed responding 
positively to phenanthrene amendment in other contaminated soils (Ding et al. 2012; 
Thomas and Cébron 2016). Along with the Phenylobacterium group, uncharacterized 
members of the Alphaproteobacteria in OTU-5 were most highly represented in the 
sequence libraries derived from the two surfactant conditions correlated with HMW PAH 
removal (Table 2). Sequences highly similar to those in OTU-5 (99% 16S rRNA gene 
sequence identity) have been found in studies investigating soil community response to 
anthracene amendment (Núñez et al. 2012) and the influence of the rhizosphere on PAH 
removal (Tejeda-Agredano et al. 2013). The increased representation of these groups in the 
conditions demonstrating HMW PAH removal in this study warrant further investigation of 
the organisms represented by the two OTUs and their potential involvement in PAH 
degradation.
There were several other OTUs that increased significantly in relative abundance in 
sequence libraries derived from one of the two conditions that led to enhanced HMW PAH 
removal, but not both conditions. Notably, several recent studies have linked sequences or 
organisms from some of these groups to the transformation of HMW PAHs. For example, 
bacteria within the genus Terrimonas (OTU-14) have been linked to anthracene degradation 
(Zhang et al. 2011), but of more relevance to this work sequences from that genus were also 
recently linked to metabolism of the 5-ring HMW PAH benzo[a]pyrene in forest soil (Song 
et al. 2015). Sequences from the Terrimonas genus also comprised a significant percentage 
of a bacterial consortium degrading HMW PAHs derived from creosote that had been 
depleted of LMW-PAHs (Tauler et al. 2016). Sequences from the Luteimonas genus 
(OTU-62) were linked to the co-metabolism of benzo[a]pyrene in prior work in our group 
(Jones et al. 2014) and have been identified in a bacterial consortium that degraded pyrene in 
sediments (Bacosa and Inoue 2015). One sequence with high similarity to the 
uncharacterized Chitinophagaceae (OTU-36) representative sequence was an excised DGGE 
band derived from bacteria in heavy-oil-contaminated soil (Lladó et al. 2012) and notably, 
uncharacterized bacteria within the family Chitinophagaceae were also identified as putative 
HMW-PAH degraders in community analyses of a separate, creosote-contaminated soil 
(Lladó et al. 2015).
Two groups implicated as potentially contributing to HMW PAH removal represented 
organisms within the Acidovorax genus (OTU-27) and family Bradyrhizobiaceae (OTU-20), 
and each OTU was also represented in this study by multiple isolates from media containing 
a surfactant as a major carbon source. Targeted isolation in this study was not intended to 
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cultivate HMW PAH-degrading organisms; in fact, we did not anticipate that isolation efforts 
with that goal would be successful. Bacteria growing on HMW PAHs tend to be more 
difficult to cultivate, and some of the OTUs of interest to this study represented bacterial 
groups with no prior history of successful isolation. Additionally, there are no published 
reports of bacterial isolates capable of growing solely on PAHs containing 5 or more rings; 
transformation of those PAHs is generally suspected to involve co-metabolism using some 
other growth substrate. Instead, we used isolation in this study as a tool to identify groups of 
organisms likely growing on the surfactants, which might in turn account for increased 
representation of those sequences in amplicon libraries. With some groups of sequences, for 
example OTU-4 (representing members of the Pseudomonas genus), growth on Brij 30 
appeared highly likely with significant representation only in libraries derived from Brij 30-
amended soil and even greater representation at the higher concentration of Brij 30 (Table 
2), as well as multiple isolates recovered from Brij 30 enrichments (Table 3). Although some 
organisms isolated on surfactant-amended plates were also capable of transforming PAHs – 
for example, isolates from the Acidovorax genus (OTU-27) transformed phenanthrene and 
have been directly linked to LMW PAH degradation in our lab (Jones et al. 2011; Singleton 
et al. 2005; Singleton et al. 2009) – their increased representation in amplicon libraries in 
this instance might also be explained by growth on the surfactant rather than on PAHs or 
other compounds in the soil, particularly as most bioavailable LMW PAHs were removed 
during treatment in the primary bioreactor prior to surfactant amendment. Based on the 
recovery of isolates, growth on surfactant-derived carbon was also a possible explanation for 
the increased abundance of some Rhizobium sequences in this study (OTU-19), a group 
previously linked to the degradation of benz[a]anthracene in untreated soil (Jones et al. 
2011). However, we cannot completely exclude organisms from this genus as potentially 
contributing to HMW PAH removal as a recent study demonstrated transformation of 
phenanthrene and benzo[a]pyrene by a Rhizobium tropici strain when grown in the presence 
of other nutrients (Yessica et al. 2013).
Members of the Sediminibacterium genus (OTU-3) have rarely been linked to PAH 
degradation, although they have historically been significant members of the bioreactor 
community (Singleton et al. 2011). Their high sequence abundance in libraries from all 
surfactant-amended conditions in this study may imply growth on the surfactants, despite a 
lack of recovered isolates. Thus their role in PAH removal, if any, remains unknown.
We also cannot exclude the additional possibility that less obvious or less abundant groups 
of sequences represented members primarily responsible for the increased HMW PAH 
removal. There may be functional redundancy in the community such that even though 
similar PAH removal was observed for two distinct surfactant-amended conditions, different 
groups of microorganisms within each condition may have been responsible for that activity. 
As support for this hypothesis, there exist several groups of sequences enriched in either the 
BrijLow library (e.g., OTU-25) or POESH library (e.g., OTUs 7, 10, and 17), but not both, 
that did not influence either community to the same extent as other OTUs. For two of these 
groups (OTU-17, Novosphingobium; OTU-25, uncharacterized Comamonadaceae), 
phenanthrene degradation by isolates capable of growth on surfactant-amended media was 
demonstrated in this study and it is conceivable that they may transform other PAHs 
(although their representation among the isolates may also indicate that their abundance was 
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instead attributable to growth on surfactants as well). Members of the uncharacterized HMW 
PAH-degrading “Pyrene Group 2” (OTU-2) (Jones et al. 2011; Jones et al. 2008; Singleton 
et al. 2007; Singleton et al. 2006) appeared negatively impacted by surfactant amendment in 
this study, similar to what was documented in prior research (Zhu et al. 2010), but sequences 
from that OTU remained a significant percentage of the total communities in both BrijLow 
and POESH conditions; therefore, the associated organisms may have been active in PAH 
removal.
While other studies of the effects of sub-CMC concentrations of surfactants on LMW PAH 
degradation exist (Chang et al. 2014; Chen et al. 2000; Jahan et al. 1997; Noordman et al. 
2000; Stelmack et al. 1999), less attention has been paid to the influence of surfactants at 
sub-CMC concentrations on the removal of HMW PAHs from contaminated soil. Most 
directly relevant to this study, we previously found that sub-CMC doses of Brij 30 enhanced 
both PAH desorption and PAH biodegradation (including HMW PAHs) from a different 
contaminated soil that had been treated in the same bioreactor used in the present study (Zhu 
and Aitken 2010). In that work we also reported that the addition of Brij 30 to the 
bioreactor-treated soil affected the populations of known PAH-degrading bacteria, positively 
in some cases and negatively for others (Zhu et al. 2010). In an additional series of 
experiments designed to screen five different nonionic surfactants, including Brij 30 and 
POESH (Adrion et al. 2016), the pattern of increased HMW PAH removal was consistent 
with that observed in the present study with the exception of benzo[a]pyrene (BaP) and 
benzo[b]fluoranthene (BbF); in the present study the removal of BaP or BbF in surfactant-
amended conditions beyond that achieved in the no-surfactant control was not statistically 
significant (Figure 1), whereas in the screening study both of these carcinogenic PAHs were 
removed to a greater extent under the conditions corresponding to the BrijLow or POESH 
incubations (Adrion et al. 2016).
The effects of various surfactants on microbial cells and activity during PAH degradation 
have been studied for various permutations of surfactants and organisms, but total 
environmental communities are rarely investigated. Most studies are designed to test only 
one or a few (generally LMW) PAHs (Ahn et al. 2005; Liu et al. 1995), a limited number of 
specific PAH-degrading isolates or consortia (Boonchan et al. 1998; Doong and Lei 2003), 
or a combination of the two (Guha and Jaffé 1996; Pantsyrnaya et al. 2011; Yuan et al. 2000; 
Zhao et al. 2009). To the best of our knowledge only one other study has used high-
throughput sequencing to evaluate the effects of a nonionic surfactant on the total microbial 
communities of a field-contaminated soil (Lladó et al. 2015). In that study, Brij 30 was 
added to creosote-contaminated soil that had been subjected to biopile treatment; the 
surfactant was added at a concentration of 4.5% (w/w), higher than either condition utilized 
in the present study. Amendment of Brij 30 at that concentration was concluded to 
potentially reduce degradation of HMW PAHs through inhibition of the specific degraders of 
those compounds (Lladó et al. 2013). Other studies using pure or mixed cultures have found 
that Brij 30 can reduce microbial PAH-degradation activity at concentrations above the 
CMC (Pantsyrnaya et al. 2012; Yuan et al. 2000), although amendments of Brij 30 with 
other organisms have shown no deleterious effects (Pantsyrnaya et al. 2011). In our earlier 
work, we also observed that Brij 30 inhibited HMW PAH degradation in bioreactor-treated 
soil when added at a dose corresponding to an aqueous-phase concentration above the CMC 
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(Zhu and Aitken 2010). Interestingly, we found decreased HMW PAH removal in the 
present study when a higher but still sub-CMC level of Brij 30 was added to the bioreactor-
treated soil. Deleterious effects on the HMW PAH-degrading microbial community due to 
the concentration of Brij 30 at the higher dose may help explain the differences in HMW 
PAH removal. This hypothesis is supported by the many significant differences in the 
microbial communities between the two Brij 30 doses in this study, and it is likely that both 
positive and negative effects of the surfactant on various organisms helped to shape the apex 
bacterial community, including PAH-degraders, which in turn affected the ability of the 
community to transform HMW PAHs.
This study begins to examine the underlying factors impacting the degradation of HMW 
PAHs in sub-CMC surfactant-amended soils. While the employed methodology by its nature 
results in correlative conclusions rather than causative, there is strong evidence for a 
biological explanation for the observed difference in PAH removal with several groups of 
bacteria being identified for future, targeted research. Aside from the obvious potential 
financial benefit of using lower concentrations of surfactant in future large-scale 
bioremediation schemes, the results of this study also suggest that sub-CMC concentrations 
of surfactant may have fewer negative impacts on indigenous HMW PAH-degrading bacteria 
while enhancing PAH availability and increasing overall PAH removal.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Removal (mean and standard deviation) of individual PAHs from bioreactor-treated soil after 
further incubation for 14 days under the experimental conditions. Identical letters above 
error bars indicate that those conditions were not significantly different (Tukey’s HSD; p < 
0.05). PAHs with no letters above the error bars indicate that no significant difference was 
observed for any condition. Abbreviations: NAP – naphthalene, ACE – acenaphthene, FLU 
– fluorene, PHN – phenanthrene, ANT – anthracene, FLA – fluoranthene, PYR – pyrene, 
BaA – benz[a]anthracene, CHR – chrysene, BbF – benzo[b]fluoranthene, BkF – 
benzo[k]fluoranthene, BaP – benzo[a]pyrene, DBA – dibenz[a,h]anthracene, BgP – 
benzo[g,h,i]perylene.
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Figure 2. 
Denaturing gradient gel electrophoresis (DGGE) image showing community profiles from 
each incubation flask. NTC – No-template control (no DNA, PCR negative control).
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Figure 3. 
Non-metric multidimensional scaling (NMDS) plot of 16S rRNA gene amplicon libraries 
mapped to two dimensions. Symbols represent separate libraries derived from individual 
incubations; clusters of libraries are circled and labeled. Arrows indicate the influence of 
significant and abundant OTUs on the positioning of libraries. Labels indicate the 
designation of the specific OTU associated with each arrow.
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